Significance: We provide a conceptual framework for the interactions between the cellular redox signaling hub and the phytohormone signaling network that controls plant growth and development to maximize plant productivity under stress-free situations, while limiting growth and altering development on exposure to stress. Recent Advances: Enhanced cellular oxidation plays a key role in the regulation of plant growth and stress responses. Oxidative signals or cycles of oxidation and reduction are crucial for the alleviation of dormancy and quiescence, activating the cell cycle and triggering genetic and epigenetic control that underpin growth and differentiation responses to changing environmental conditions. Critical Issues: The redox signaling hub interfaces directly with the phytohormone network in the synergistic control of growth and its modulation in response to environmental stress, but a few components have been identified. Accumulating evidence points to a complex interplay of phytohormone and redox controls that operate at multiple levels. For simplicity, we focus here on redox-dependent processes that control root growth and development and bud burst. Future Directions: The multiple roles of reactive oxygen species in the control of plant growth and development have been identified, but increasing emphasis should now be placed on the functions of redox-regulated proteins, along with the central roles of reductants such as NAD(P)H, thioredoxins, glutathione, glutaredoxins, peroxiredoxins, ascorbate, and reduced ferredoxin in the regulation of the genetic and epigenetic factors that modulate the growth and vigor of crop plants, particularly within an agricultural context. Antioxid. Redox Signal. 00, 000-000.
Introduction
O rgan formation in plants consists of an initial phase of cell proliferation and primary morphogenesis, followed by a second phase of cell expansion, secondary morphogenesis, and endoreduplication (91) . The orchestration of organ formation is complex, involving a diverse range of genes that promote or inhibit component pathways or processes. While the components that control plant cell cycle machinery have been identified in plants (48) , relatively little is known about how they may be influenced by redox controls. Nevertheless, accumulating evidence indicates that cell proliferation and shoot and root meristem activities are influenced by cellular redox state (14, 152) . Redox controls play a key role in the regulation of cell cycle progression (102, 148) . Oxidation of the cytosol occurs at an early stage in cell cycle progression (67) . The G1 and G2 checkpoints that regulate the cell cycle are highly responsive to oxidation (94) .
However, the mechanisms that underpin these responses and the pathways of oxidative activation of the cell cycle are not as clearly defined in plants as they are in animals (67) .
Literature evidence suggests that the redox-dependent control of growth involves a network of interactions between reactive oxygen species (ROS; also called active oxygen species), antioxidants, and phytohormones such as auxin and cytokinin, which are major regulators of the plant cell cycle (50, 54, 182) . The pleiotropic developmental changes observed in plants that are deficient in NADPH oxidases (also called respiratory burst oxidase homologs [RBOH] ) imply defects in auxin and strigolactone (SL)-responses (152) . The Arabidopsis thaliana genome has 10 RBOH genes (AtRBOHA-AtRBOHJ) (173) . Although the functions of many of these NADPH oxidase forms remain to be characterized, RBOHC is considered important in the control of root hair tip growth (120) . Similarly, the transcriptional mediator subunits, phytochrome and flowering time 1/mediator 25 (PFT1/MED25), have a crucial role in root hair formation by activating a subset of hydrogen peroxide (H 2 O 2 )-producing class III peroxidases (165) .
Loss of SL-dependent control of shoot branching in the more axillary growth 2 (MAX2) loss-of-function allele ore9-1 correlated with increased ROS tolerance (193) . Studies on A. thaliana mutants that are deficient in glutathione and thioredoxin have established that thiol-dependent steps in auxin transport are required for postembryonic root meristem development (14, 101) .
Phytohormones such as auxin, abscisic acid (ABA), salicylic acid (SA), and brassinosteroids produce H 2 O 2 via the activation of NADPH oxidases during signal transduction (13) . The production of H 2 O 2 as a result of phytohormone action is considered as amplifying oxidative signaling. In this system, enhanced cellular oxidation, as occurs for example in the A. thaliana mutants that are deficient either in the photorespiratory form of catalase or in the cytosolic form of glutathione reductase, triggers SA and jasmonate ( JA) signaling (115, 116, 142) . SA, in turn, induces a rapid increase in NADPH-oxidase activity (96) , resulting in ROS production and leading to further cellular oxidation. This process and the associated changes in Ca 2 + signaling and mitogen-activated protein kinase (MAPK) cascades leads to adaptive responses in growth, as well as in biotic and abiotic stress responses (118) . Here, we discuss the evidence supporting the view that redox-dependent step(s) are important in the control of the development of plant organs, with specific reference to the root and perennial buds.
Redox Regulation of Cell Division and Cell Expansion
Cellular redox homeostasis plays an important role in every aspect of plant biology, including growth. The spatial regulation of ROS production is an important factor controlling plant form (66) . Regulated ROS production is an important control of plant development operating through the regulation of cell division and cell expansion. Moreover, the responses of cells to cellular oxidation, responses to abiotic stress and to defense phytohormones such as ABA, which generate ROS, very much depend on cell identity (49, 86) . Redox controls are important in the renewal and differentiation of stem cells, such as those that drive the growth of the root apical meristem. The arrest of cell cycle activity in the cells of root quiescent center (QC) is linked to the auxin maximum and the maintenance of a highly oxidized state in the stem cell niche (49, (86) (87) (88) . While QC cells appear to be physiologically indistinguishable from the adjacent, actively dividing cells, for example in terms of mitochondrial function, they do not enter programmed cell death (87, 88) . Stem cells, thus, avoid oxidative stress and the oxidative activation of genetically programmed cell suicide pathways, even though they are deficient in low-molecular-weight antioxidants (99) . The cell cycle in the QC cells is arrested at G1, and this appears to be associated with the very low abundance of ascorbate and the thiol tripeptide, glutathione (GSH; c-glutamyl-Lcysteinylglycine) in the QC, because the addition of GSH stimulates the cells to progress from the G1 to the S phase of the cell cycle (99) . The addition of glutathione disulfide (GSSG; oxidized glutathione) or oxidized ascorbate (dehydroascorbate [DHA] ) to proliferating cells causes an arrest in the cell cycle in G1 (137, 138) . Moreover, the very low GSH levels observed in the root meristemless 1 (rml1) mutants of A. thaliana lead to arrest of the cell cycle at G1, specifically in the root but not in the shoot (186) . There is net movement of GSH from the cytosol to the nucleus in G1, leading to cytosolic oxidation and reduction in the nucleus (67) . The sequestration of GSH in the nucleus of proliferating cells may suggest that GSH has important roles in safeguarding the nuclear architecture (67) .
In addition to regulating cell cycle progression, redox regulation has been implicated in the control of the transition from cell proliferation to cell differentiation in both plants and animals. While a few components involved in these processes have been identified in plants, the negative regulation of peroxidases by the UPBEAT1 transcription factor appears to influence the balance between H 2 O 2 and superoxide in the complex regulation of the transition from cell proliferation to differentiation in the root (175) .
Redox Regulation of Root Growth and Architecture
Redox regulation impinges on nearly every stage of root development, from the breaking of ABA-induced seed dormancy, by nitric oxide (NO), cyanide, or H 2 O 2 , to the development of lateral roots (LRs) and root hairs. For example, ROS production is required for oxidative signaling underpinning cellular elongation in root hair expansion (60) . Similarly, ROS are positive signals for seed dormancy release, interacting with ABA, gibberellins (GA), and NO in signal transduction pathways that underpin seed germination (20, 154) . Seed germination begins with the hydration of the quiescent seed, leading to the elongation of the embryonic axis from a seed, enabling the subsequent emergence of the metabolically active seedling. This transition from quiescent to metabolically active states is associated with the accumulation of superoxide radicals, H 2 O 2 , hydroxyl radicals, and NO. It is generally assumed that most of the ROS production originates from mitochondrial respiration, which resumes in imbibed seeds, but NADPH oxidases such as RBOHB are also required for seed ripening and germination (154) . The nuclei in seeds contain antioxidant defense systems, including a 1-Cys peroxiredoxin that is almost exclusively expressed in seeds, to protect against the oxidative stress which occurs during seed maturation and germination (140, 161) . The enhanced cellular oxidation that is triggered on germination is considered important for the regulated oxidative modification of proteins and of mRNAs that underpin regulatory pathways (56) . In some species, ROS are required to overcome the mechanical resistance imposed by the endosperm, enabling the radicle to protrude through the weakened tissues. This process is regulated by ABA and GA, which regulate redox processes that are associated with cell wall loosening; high ABA maintains a high antioxidant capacity and prevents germination, while GA reverses this process (55, 58) . GA regulates the stability of the DELLA proteins that control growth and also influences the extent of ROS accumulation through effects on the expression of antioxidative enzyme genes (3) . While the levels of GA and ABA in germinating seeds are regulated by transcriptional control of genes involved in the phytohormone biosynthetic pathways, and by deactivating genes, GA and ABA signal transduction mainly depends on posttranslational regulation.
The founder cells of the primary root are produced by cell division during the development of the embryo. A single cell
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in the embryonic root called the hypophysis gives rise to both the QC and the columella root cap. Primary root development after germination strongly depends on the phytohormone auxin. The key role of GSH in the postembryonic development of the primary root was established on characterization of A. thaliana rml mutants (33, 186) . Four rml mutants were originally identified due to their inability to maintain cell division after germination; thus, they fail to produce a functional postembryonic root meristem (33) . Cell division is unimpaired in the embryos, shoots, and calli of these mutants, but the cell cycle is arrested in the primary root at an early stage. GSH was subsequently identified as the factor in the root that is specifically required to activate and maintain the cell division cycle in the root apical cells (182) . The effects of GSH deficiency on root architecture in A. thaliana are illustrated in Figure 1 . In contrast to the wild-type (Col-0) seedlings, the roots of the rml1 mutant fail to develop because of arrest of root meristem development (Fig. 1 ). In addition, arrest of the root, but not the shoot, meristem, can be induced in wild-type seedlings by incubation with the glutathione synthesis inhibitor, L-buthionine sulfoximine (BSO; Fig. 1 ). However, LR density is not decreased in the presence of BSO (111) . The rml1 mutant is one of a number of A. thaliana mutants that have been characterized and shown to have defects in the GSH1 gene which encodes the enzyme c-glutamate-cysteine ligase (GCL; also called c-glutamylcysteine synthase), which catalyzes the first step of GSH synthesis. This pathway involves two ATP-dependent steps, catalyzed by GCL and GSH synthetase (GSHS; also called GSH synthase). The rml1 mutant has less than 5% of wild-type GSH levels and is unable to establish a postembryonic root meristem because of the arrest of the cell cycle at G1 (186) . The addition of BSO to wild-type A. thaliana seedlings also leads to an arrest of the root meristem (101) . Further genetic analysis demonstrated that there is a redundancy in GSH and thioredoxin functions in the control of shoot apical meristem development (14, 143) . Studies involving crosses between the rml1 mutant that is deficient in GSH and mutants which are unable to regenerate reduced thioredoxin in the cytosol because they lack functional cytosolic NADPH-thioredoxin reductases (NTRs) display root and shoot meristemless phenotypes (143) . Other mutations in the GSH1 gene result in less severe restrictions in the GSH synthesis pathway. For example, the rax1-1, cad2-1, and pad2-1 mutants exhibit characteristic decreases in LR density relative to the wild type (37, 111) . LR development is initiated by auxin (18, 29, 62) . Auxin is required for the initiation process that enables the cells in the pericycle layer to re-enter the cell cycle (29) . LR production is central to the architecture of the root and determines the spatial arrangement of the root system in the soil (110) . The development of the LR primordia is sensitive to environmental stimuli such as the availability of nitrogen or water, enabling plants to optimize their root architecture according to environmental cues. The initiation of LRs requires the activation of cell division from the pericycle layer in the differentiation zone of the root that is distant from the root apical meristem (46, 57, 110) . The developmental process starts with an asymmetric transverse division of the pericycle cells adjacent to the two xylem poles of the main root, followed by a series of periclinal and transverse cell divisions, leading to the formation of a dome-shaped structure called the LR primordium (LRP). The LRP then grows by both cell division and cell expansion through the overlaying cell layers and emerges via cell expansion. After emergence, the LRP undergoes an activation step to form a fully functional meristem (110) . The generation of each LRP is regulated by a network of interacting pathways that affect different phases of the developmental process (46, 110) . Auxin is required for the correct control of cell division and patterning throughout the entire developmental process (17, 45) . The effects of auxin (1-naphthaleneacetic acid; NAA) and the auxin transport inhibitor (1-N-naphthylphthalamic acid; NPA) on the development of LRs in A. thaliana seedlings are illustrated in Figure 2 . Markers for auxin accumulation and response such as DR5::GUS are observed during LR formation (18, 53) . The formation of the LRP is also influenced by other phytohormones such as ethylene. Ethylene stimulates LR formation, while ABA, cytokinins, and SLs act antagonistically to auxin and ethylene (5, 62) . However, unlike ethylene, the ABA pathway functions at the later stages of LR development (45) . Moreover, the ABA pathway is independent of auxin, and it is important in plant responses to nitrogen deficiency and water deficits (45) .
Phytohormones such as auxin, ABA, and brassinosteroids trigger superoxide production and H 2 O 2 accumulation through the activation of NADPH oxidases and cell wall peroxidases, such as pH-dependent cell wall peroxidases, germin-like oxalate oxidases, and polyamine oxidases (136, 158) . The regulated production of ROS in the apoplastic face of the plasma membrane underpins the phenomenon called oxidative burst, which is important in the hypersensitive response to pathogens (47) . The oxidative burst is activated in response to many types of stimuli, particularly the action of a number of phytohormones. For example, H 2 O 2 accumulation in response to ABA is required for the control of stomatal movements (118, 158) .
Unlike the cytosol, which is rich in low-molecular-weight antioxidants, the apoplast/cell compartment of the cell has little glutathione and only relatively low levels of ascorbate. The low antioxidant buffering capacity of the apoplast means that H 2 O 2 is able to accumulate in the apoplast to a much greater extent than would be possible within the cytosol, enabling the formation of the oxidative burst and leading to oxidation specifically on the outside plasma membrane. This strong oxidative signal on the external face of the plasma membrane can cause adjustments in calcium transport and signaling, alter other ion fluxes, and modify plasma membrane-based electron transport systems. Moreover, H 2 O 2 can be transported via the aquaporins from the apoplast into the cytoplasm, where it is metabolized (19) .
Genetic evidence has demonstrated links between thioredoxins, GSH, and auxin in the control of shoot and root development (14, 101, 143, 186) . For example, the expression of auxin transporters was decreased by GSH depletion (101) . Moreover, the triple cad2 ntra ntrb developed in the same way as the wild type up to the rosette stage, but they were unable to sustain floral meristem development, producing a PINformed (PIN) structure that is characteristic of impaired auxin transport (14) . Auxin transport is regulated by influx (AUX1, LAX1-LAX3) and efflux (PIN) transporters, as well as by Btype ATP-binding cassette subfamily G (ABCG) transporters. The ABCG transporters are largely found on the outer surface of the root epidermis. The direction of auxin transport is regulated to a large degree by the sub-cellular distribution of the PIN proteins (61, 168) .
Redox Interactions Involving Auxin and Other Phytohormones Involved in the Control of Plant Growth and Development
Indole-3-acetic acid (IAA) is the principal auxin in plants such as A. thaliana (132) . It is synthesized primarily in meristems and nodes and is transported to distal parts of the plant in response to developmental programming or environmental stimuli, in order to activate cell-specific responses (Fig. 3) . Tissue-specific auxin gradients and auxin accumulation are highly regulated at a cellular level to control plant growth (32, 41, 171) . In addition to its requirement for LR formation, auxin is important in the production of adventitious roots and root hairs, and in the control of apical dominance, stem elongation phototropic, and gravitropic responses (73, 100) . Gravitropic stimuli lead to curvature of the roots by triggering asymmetric auxin flow and, hence, localized ROS production at the root tip (92) . The localized accumulation of auxin is decreased by conjugation or catabolism when downstream responses have reached their optima (132) . Auxin accumulation increases both the 2-oxindole-3-acetic acid (oxIAA) and ROS (largely H 2 O 2 ) levels in most cell types. Auxin-induced ROS production is mediated, at least in part, by the activation of RBOHD (92, 195, 196) .
Attenuation of the auxin signal is considered as involving oxidation and the irreversible production of the catabolic product, oxIAA. oxIAA is inactive and does not induce the expression of auxin responsive markers such as DR5 (132) . IAA signaling is attenuated, at least in part, by IAA catabolism to oxIAA, as illustrated in Figure 3 . Unlike IAA, oxIAA is not transported from cell to cell, even though it is a substrate for the ABCG transporters. Mutants that are defective in ABCG transporters accumulate oxIAA, oxIAA-Glc levels, and auxin because of defective cellular export (132). ) and redox components such as the monothiol glutaredoxin, AtGrxS17 (34) . The resultant oxidation of IAA to produce oxIAA attenuates auxin signaling. IAA, indole-3-acetic acid; oxIAA, 2-oxindole-3-acetic acid; PIN, PIN-formed.
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The amounts of oxIAA measured in the flavonoid-deficient tt4 mutants were higher than those found in the wild-type plants, and they were lower than in tt3 mutants that accumulate excess flavonol-type compounds (132) . Antioxidants such as ascorbate and GSH eliminate superoxide and H 2 O 2 and, therefore, serve to prevent ROS accumulation in cell types with localized increases in IAA. However, the abundance of low-molecular-weight antioxidants such as ascorbate and GSH is negligible in the QC cells of the primary root meristem that accumulate auxin, unlike the surrounding cells and those in the elongation zone, which have a high antioxidant capacity. The highly oxidized state of the QC cells will favor rapid attenuation of the auxin signal by catabolism. The interaction between auxin signaling pathways and redox signaling pathways permits flexible regulation that is highly responsive to cell metabolism (130, 170) .
The complex interplay between directional cell-to-cell auxin transport that allows auxin gradients and auxin catabolism allows the correct setting of developmental cues. Local auxin maxima, along with the differential distribution of auxin signaling pathways, enables the orchestration of gene expression in a tissue-specific manner at appropriate stages of development (embryogenesis, organogenesis), and facilitates directional controls of growth in response to environmental stimuli. The highly effective buffering of IAA oxidation by the antioxidant network in most tissues could explain why auxin transport and signaling may become localized to cells with a relatively low antioxidant capacity, such as the QC cells in the root apical meristem.
Rapid changes in the protein composition of the plasma membrane are facilitated by a process called ''constitutive cycling'' that involves an available pool of plasma membrane proteins, including PIN proteins, which are accumulated in early endosomes. The PIN proteins are exchanged between the plasma membrane and the ''early'' endosomes, with constant cycling in and out of the plasma membranes; the internalization of the PIN proteins is facilitated by a clathrindependent endocytosis mechanism (31, 61) . Vesicular trafficking of protein requires appropriate control of oxidative folding and reduction of component proteins, a process that is influenced by the availability of GSH and its precursor cglutamylcysteine (c-EC). Moreover, the expression of some of the PIN transporter family members is regulated by cellular reductants, such as GSH (14, 101) . In contrast, flavonoids tend to repress polar auxin transporters (133) . The redox regulation of genes encoding key auxin transport and signaling proteins, along with oxidative inactivation of IAA by NADPH oxidasedependent ROS production, may facilitate redox control of polar auxin transport (93) . Moreover, antioxidants also influence the interactions of PIN proteins with regulatory interacting components, such as the protein phosphatase 2A, alpha, catalytic subunit (PP2AA), and the PINOID kinase (27, 61, 153) . Auxin-induced ROS production by NADPH oxidases in the root cells (93) requires the activation of phosphatidylinositol 3-kinase (PtdIns 3-kinase), which produces PtdIns(3)P, which regulates endocytosis and vesicle trafficking. Phospholipid signaling and redox pathways, therefore, cooperate in the control of PIN-dependent auxin transport (203) .
Auxin flow activates the transport inhibitor response 1/ auxin-binding f-box protein (TIR1/AFB) pathway that regulates the expression of auxin-induced, primary-response genes and facilitates auxin signaling in roots and other tissues (Fig. 3) . Auxin binds to the TIR1 F-box protein subunit of the E3 ubiquitin protein ligase, Skp, Cullin, F-box containing complex (SCF TIR1 ), which facilitates targeted protein degradation. Auxin binding to TIR1 destabilizes interactions between the TIR1/ AFB families of auxin receptors that regulate the expression of auxin-regulated genes. When auxin is low or absent, the transcription factors called auxin response factors (ARFs) bind to negative regulators that keep them in an inactive state, which prevents the expression of target genes. IAA binding to TIR1 liberates the ARFs, enabling target gene expression. The tir1/afb mutants of A. thaliana have more ascorbate and higher leaf ascorbate peroxidase (APX) activities, suggesting that the TIR/ AFB signaling pathway can influence the tissue antioxidant capacities (85) . Moreover, genes encoding antioxidant enzymes are expressed early in the auxin response (1, 68, 178) .
The catalase-deficient (cat2-1) mutants of A. thaliana were reported to have curled leaves (65) ). Leaf curling in these mutants at the higher light intensity was linked to decreased levels of transcripts encoding auxin synthesis genes and lower auxin levels relative to the wild-type controls (65) . Moreover, enhanced cellular oxidation caused by decreased H 2 O 2 metabolism in these mutants was suggested to influence the abundance and availability of auxin (65) . However, the enhanced oxidation in cat2-1 leads to oxidation of the leaf glutathione pool and so, although the total glutathione pool is much higher in cat2-1 leaves than in the wild type, the GSH/GSSG ratios are considerably lower. The application of GSH to cat2-1 increased auxin levels and prevented leaf curvature in cat2-1 (65). This observation is consistent with the concept that GSH is an important mediator of the crosstalk between H 2 O 2 and auxin signaling. Accumulating evidence suggests that oxidative signals are partly transmitted by modulation of the redox status of the glutathione pool.
Similar to auxin, SLs fulfill essential roles in the control of plant development (50) . The SL synthesis and signaling pathways have now been studied in a wide range of plant species, including A. thaliana, pea, rice, and petunia (197) . SL biosynthesis involves the action of b-carotene isomerase (D27) and two carotenoid cleavage dioxygenases (CCDs). In A. thaliana, these CCDs are often referred to as the MAX3 and MAX4 proteins, respectively, as illustrated in Figure 4 (72, 77, 179, 189) . A subsequent oxidation by a cytochrome P450 (MAX1) results in the production of a mobile compound that requires an F-box protein (MAX2) and an a/b hydrolase (D14) to elicit its effects on shoot branching (72, 75, 77, 163, 164, 179, 197) . Mutants in either SL synthesis or signaling typically exhibit altered shoot and root branching phenotypes, but an analysis of these mutants has also revealed roles for SLs in other processes, such as photomorphogenesis and leaf senescence (72, 151, 174, 179) . The responses of root architecture to the addition of the artificial SL (GR24) can be easily illustrated in A. thaliana (Fig. 4) . LR development is inhibited by the presence of the artificial SL, GR24 in wild-type A. thaliana (Col-0) seedlings, and in mutants that are deficient in the SL signaling MAX2 protein (max2-1 and max2-3 in Fig. 4 ). Similar to auxin, SLs interact with the redox signaling network (193) . Mutants that are defective in the signaling protein MAX2 (ore9) are defective in SL-dependent control of root branching, and they are more tolerant to oxidative stress than the wild type (164, 192) .
SLs function downstream of auxin for the control of shoot (72, 179) and root branching (97, 98, 151) . The auxin and SL signaling pathways influence the total root glutathione pool, but not the GSH/GSSG ratio, as illustrated in Figure 5 . The SL signaling pathway, which restricts root branching, favors a high root glutathione pool (Fig. 5) . Conversely, the auxin pathway, which controls root architecture and triggers root branching ( Fig. 1) , restricts root GSH accumulation (Fig. 5 ). There is, therefore, a link between SLs and the size of the root glutathione (GSH plus GSSG) pool in the control of LR development that occurs in an MAX2-dependent manner (111) .
GA and auxin have many overlapping functions in the control of organ expansion. GA regulates plant growth in response to environmental signals by relieving the constraints on gene expression imposed by a family of growth-repressing regulators, called DELLA proteins (76, 134) , which decrease the potential for cell proliferation (159) . The GA pathway interacts with auxin, limits the lifespan of these nuclear growthrepressing proteins, and, so, controls plant growth. However, the DELLA proteins also play important roles in stress tolerance (2, 4, 76) . For example, A. thaliana mutants that have low GA contents or which have GA-insensitive forms of DELLA proteins exhibit increased salt tolerance (2) . Conversely, lossof-function mutants lacking DELLA proteins exhibit a higher level of sensitivity to salt stress (2) . The imposition of salt stress increases the abundance of DELLA proteins, and favors decreased stress-induced ROS accumulation, presumably because of the enhanced expression of genes encoding antioxidant enzymes (3) . Increases in the ratio of ABA to GA that occur in response to stresses such as drought and high salt favor DELLA protein accumulation and enhanced antioxidant activities (59) .
High ABA/GA ratios tend to induce dormancy in tubers, buds, and seeds. For example, ABA decreased GA accumulation in rice seeds and increased oxidation because of a FIG. 4. Schematic model of the strigolactone (SL) synthesis pathway, along with a study showing the typical responses of root architecture to the addition of the artificial SL (GR24) in the A. thaliana. The addition of 2 mM GR24 significantly decreased LR density in the wild-type (Col-0) plants and in the max3-9 and max4-1 mutants, but not in max2-1, confirming the role of the MAX2 protein as an important SL signaling component (110) . MAX2, more axillary growth 2. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub .com/ars FIG. 5. A schematic model linking redox regulation exerted through the glutathione pool to the auxin and SLmediated control of root architecture. Auxin is transported from cell to cell in a polar manner to control root development. The transport action of auxin is influenced by glutaredoxin (Grx) such as AtGrxS17 (34) and thioredoxins (Trx; 14). The auxin-regulated TIR/AFB pathway elaborates root architecture and stimulates the growth of LRs. However, this process is dependent on the abundance of glutathione. A low abundance of glutathione serves to decrease LR density; for example, all of the GSH synthesis mutants show decreased lateral density compared with the wild type (111) . Very low glutathione levels such as those observed in the A. thaliana root meristemless mutant (rml1) arrest cell division in the postembryonic root meristem such that root organogenesis is prevented (186) . SLs act antagonistically to auxin in the control of LR proliferation. The addition of SLs to A. thaliana decreases LR density and increases the abundance of glutathione in the roots (111) . SLs also enhance tolerance to oxidative stress, and they may, therefore, influence Grx and Trx-mediated processes. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars 6 CONSIDINE AND FOYER decrease in ascorbate accumulation (201) . Dormancy release was stimulated by GA and ROS, but it was inhibited by antioxidants (127) .
Bud Development and Dormancy in Temperate Perennials
Unlike the redox regulation of root development that has received considerable attention over the past decade, the role of redox processes in many other tissues has been less intensively studied. In particular, the role of redox processes in bud dormancy and subsequent bud burst is poorly documented; however, this process is of considerable agronomic interest for the productivity of temperate perennial plants, which cycle between periods of growth and quiescence in synchrony with the annual seasonal climate. The duration of the photoperiod and prevailing temperature are primary cues for both processes (Fig. 6 ). This is a survival strategy that is common to many perennial horticultural crops, including grapevine, kiwifruit, and most Rosaceae fruits, as well as to temperate and arboreal trees such as poplar, oak, and birch.
As winter approaches, axillary or apical meristems make the transition to a quiescent state within a hardy bud that protects the vegetative and reproductive initials until favorable growth conditions return. The acquisition of perennial bud dormancy can be divided into three processes, that is, bud formation, the acquisition of cold and dehydration tolerance, and quiescence and dormancy (150) . Bud dormancy per se is intrinsically derived from the branching process, which, as discussed earlier, is governed by the relative abundance of phytohormones such as auxin, SLs, and ABA. The formation of the bud is governed by apical dominance (paradormancy), while the transition to ''true dormancy'' (endodormancy) requires the acquisition of a quiescent or metabolically inhibited state. In this state, the buds are unable to respond to conducive conditions and burst until dormancy is relieved by an appropriate signal that arises within the bud [ecodormancy is not considered here (104, 145, 188) ].
The process of ecodormancy will not be considered here, but it has many similar features to those described here, and ecodormancy succeeds endodormancy. It is the state of developmental ''competence,'' but this process is repressed by unfavorable environmental conditions. In both cases, the regulation of the hormonal balance in the bud is pivotal in regulating the state of dormancy. The quantitative nature of bud dormancy has similarities to seed dormancy and inflorescence vernalization, and it implies the creation of genetic and epigenetic memories that underpin the regulation of subsequent developmental processes. Moreover, similar to the situation in the mature seed, it is likely that the meristematic tissues in the embryo reside in a hypoxic environment. The availability of oxygen to support respiration, undoubtedly, plays an important role in regulating the state of dormancy and dormancy release to produce the metabolically active state. While relatively few physiological measurements have been performed, our own unpublished data suggest that the variable partial pressure of oxygen (pO 2 ) is regulated within the bud during seed dormancy and bud burst, and this regulation may have important implications for the regulation of respiration and ROS production by the respiratory electron transport chain (Fig. 7) .
Before the availability of genomic data and genetic manipulation in perennials, it was difficult to deduce causal relationships between phytohormone signaling pathways and the control of bud development, dormancy, and burst (188) . Unfortunately, A. thaliana meristems do not exhibit dormancy, and this fact alone has probably retarded the development of new concepts underpinning our current understanding of the acquisition and regulation of dormancy in meristems. Gleaning useful information with regard to the influences of various phytohormones on bud development and dormancy by an analysis of database information, particularly transcriptome and information from RNA Sequencing (RNAseq; also called whole transcriptome shotgun sequencing), is also somewhat limited because of the prevalence of post-translational regulation in phytohormone and oxidative signaling processes. Thus, relatively few studies over the past decade have gone beyond inferences derived from our understanding of seed dormancy or our reliance on annual models, where reverse genetic approaches are much more easily performed. Bud formation involves the differentiation of the embryonic leaves and scales that enclose the bud, the acquisition of cold and drought tolerance, and the cessation of metabolic and meristem activities. In the apical buds of poplar (Populus tremula · P. alba > ) trees, the transition from long to short photoperiod conditions triggers the coordinated induction of ethylene biosynthesis and related signal transduction, followed by the expression of ethylene-response genes (145) . Next, the induction of ABA-modulated pathways is achieved through an increase in ABA biosynthesis and ABA-related signal transduction pathways (150) . The accumulation of ethylene-related transcripts precedes bud differentiation, while the presence of enhanced levels of ABA-related transcripts accompanies differentiation and bud formation before the cessation of meristem activity (150) . The pivotal role of ethylene signaling early in the bud formation process, induced by the transition to short days, is further illustrated by studies on ethylene-insensitive birch (Betula pendula). Birch trees expressing a dominant negative allele of the A. thaliana ethylene triple response (etr1-1) gene exhibit retarded bud differentiation and incomplete bud formation, compared with wild-type controls (149) . Notably, the buds of the etr1-1 lines did not accumulate ABA in the manner observed in the wild type, and they exhibited an impaired response to the application of exogenous ABA. A reciprocal relationship between ABA and ethylene signaling pathways has been demonstrated in poplar lines expressing a dominant negative allele of the A. thaliana abscisic acid-insensitive 1 (abi1-1) gene. ABI1 encodes a type 2C protein phosphatase (PP2C) that functions as a negative regulator of the ABA signaling pathway. H 2 O 2 inactivates PP2Cs, which are often considered targets for ROS in mediating ABA responses. In A. thaliana, ABA-induced ROS production and ABA-dependent activation of Ca 2 + channels are impaired in mutants lacking PPC2. The poplar lines expressing the mutated abi1-1 displayed increased ethylene biosynthesis and an ethylene-dependent increase in shoot growth (6) . Furthermore, loss of ABI1 function blocked the inhibitory effect of exogenous ABA on the growth of lateral buds. In contrast, transgenic poplar lines with sense or antisense expression of ABI3 constructs had no visible phenotype when grown under long day conditions. However, after the transition to short days, these lines showed a markedly altered differentiation of embryonic leaves and scales, as well as malformed buds (146) . Ethylene signaling was not altered by changes in ABI3 function (146) . The ABI3 protein is a negative regulator of ABA signaling pathways and is important in the acquisition of cold and drought tolerance in seeds (150 and references therein). It is interesting to note that despite the genetic manipulation of either the ethylene or ABA signaling pathways, the buds examined in these studies still developed an endodormant state (149, 150) , indicating the importance of other developmental controls.
The role of GA in bud dormancy is illustrated in studies on the phenological characterization of poplar lines expressing sense or mutant constructs for GA-related transcripts. The altered expression of two DELLA-domain proteins, GA insensitive (GAI) and repressor of GAI-like (RGL), advanced bud formation, although curiously this effect was not observed in lines of either GAI or the dominant negative gai 
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under a constitutive promoter (202) . Transgenic poplar lines with constitutive expression of the poplar gene encoding the GA catabolic enzyme GA2 oxidase (GA2ox) did not exhibit an alteration in the timing of bud formation. In contrast, ectopic expression of a bean GA2ox advanced bud formation (202). As described earlier for studies on ABA and ethylene signaling, the altered phenology and phenotypes, observed in the GArelated transformed lines, were not accompanied by the acquisition of endodormancy. Roles for auxin-, SL-, and cytokinin-related regulation during bud formation cannot be excluded, despite the apparent absence of signatures for these regulators in the studies described earlier. This absence may, in part, be due to an under-representation of appropriate transcripts on the array platforms used in these studies (149, 150) , along with a difficulty in dissecting the roles of phytohormone signals without consideration of post-translational regulation, for example, through targeted reverse genetic approaches.
The Acquisition of Endodormancy Shares Features of Flowering Time Regulation Pathways and Requires MIKC MADS Box Transcription Factors
As discussed earlier, genetic alterations in the ABA, ethylene, and GA signaling pathways did not prevent the acquisition of endodormancy. The observation that the regulation of bud dormancy may share components with the flowering regulatory pathway was revived in the past decade after the characterization of the long-elusive florigen ''flowering phytohormone'' (82, 145) . The flowering locus T (FT)/constans (CO) regulatory module is a model of photoperiod responses in plants (176) . The acquisition of dormancy was retarded in poplar or plum constitutively expressing the flowering promoter FT (23, 160), while poplar RNA interference (RNAi)-FT lines formed buds and acquired dormancy more rapidly than the wild type, even under long photoperiod conditions that do not induce dormancy in the wild type (23) . Other photoperiod-related flowering regulators have also been shown to manipulate dormancy and flowering phenology in perennials, including the phytochrome (PHY) A in poplar (23) , and FT, centroradialis, and flowering locus D in kiwifruit (183), although CO-overexpressing poplar lines did not display altered phenology (83) .
The similarities in the molecular regulation of dormancy and flowering, albeit with some distinction, have been demonstrated further by the genetic characterization of the evergrowing peach (Prunus persica) mutant (evg). The evg peach mutants are unable to form buds or enter dormancy. The evg locus contains a deletion of six tandem short vegetative phase (SVP)-like genes, namely dormancy-associated MADS-box (DAM) (21) . Numerous MIKC-type MADS box transcription factors have well-characterized functions in developmental regulation, particularly in response to seasonal signaling underpinning flowering (78) . The abundance of DAM transcripts was increased during endodormancy in perennial species but decreased in response to chilling and by the induction of bud burst (90, 107, 194, 199) . Transcriptome comparisons have led to the identification of a number of transcripts that are differentially increased in abundance in the evg mutants in wildtype peach meristems, after the transition to short days. These observations demonstrate the importance of ABA signaling pathways (90), along with redox signaling and photoperiod FIG. 8. Scheme for primary seasonal and signaling influences on bud endodormancy transitions of temperate perennial plants. Photoperiod and temperature are primary environmental cues; their respective influence is quantitatively and qualitatively determined by genetics and management (in production). The phytohormones abscisic acid (ABA), ethylene, and gibberellic acid (GA) influence spatiotemporal features of bud formation and dormancy acquisition, but not the decision to enter dormancy. These phytohormones are also involved in endodormancy release. Transcription factors flowering locus T (FT), phytochrome A (PHYA), and dormancy-associated MADS-box (DAM), in addition, influence the fate of the meristem in the decision to enter dormancy. Hydration and cell wall metabolism are the first physiological features of endodormancy release, through which cellular signaling and redox perturbation create a hypoxic state (pO 2 ), and subsequent activation of glycolysis and mitochondrial metabolism drive sufficient energy for bud burst. APX, ascorbate peroxidase; SOD, superoxide dismutase; GR, glutathione reductase; CAT, catalase; GST, glutathione S transferase; pO2, partial pressure of oxygen; ADH, alcohol dehydrogenase; PDC, pyruvate decarboxylase; AOX, alternative oxidase; SUSY, sucrose synthase. To see this illustration in color, the reader is referred to the web version of this article at www.lie bertpub.com/ars and temperature effects in the acquisition of bud dormancy (90) , as summarized in Figure 8 .
While the DAM and FT regulons play a key role in dormancy acquisition in perennial species, little is known about how these factors contribute to the maintenance of dormancy or dormancy release. Studies on the transgenic poplar (P. tremula · P. tremuloides) lines expressing one of two isoforms of the A. thaliana GA2ox have provided some insights into the GA-dependent regulation bud dormancy (113) . These data suggest that the abundance of bioactive GAs is important for the acquisition and maintenance of paradormancy (113) .
Oxidative Signals and Respiratory Control During Bud Dormancy and Burst
As in seed dormancy, the relative abundance of phytohormones such as ABA and GA determine the dormant state in buds, with accompanying redox controls and oxidative signaling contributing to phytohormone-mediated regulation of dormancy and bud burst. Much of our current understanding of the role of oxidants and reductants in these processes comes from an appreciation of the requirement for stress-induced changes in redox metabolism that perturb phytohormone-mediated control of hypoxia and cellular redox homeostasis in the dormant state. It is generally accepted that exposure to chilling stress is required to overcome endodormancy in temperate perennials. The response to chilling is quantitative, as seen by a gradual increase in the number of differentially expressed transcripts (52, 64, 141, 155, 198, 204) . Transcripts associated with cold-hardiness and oxidative stress tolerance accumulate as a result of exposure to chilling, as well as transcripts encoding proteins involved in glycolysis, fermentation, and cellular signaling (52, 80, 126) . Transcripts such as alcohol dehydrogenase (ADH), pyruvate decarboxylase (PDC), and sucrose synthase (SUSY) are considered markers of bud endodormancy (74, 114, 126, 128) . The transcript signature of bud endodormancy exhibits remodeled oxygen and energy metabolism that strongly resembles the signature generated by tissues in a hypoxic state [refer next to hypoxia (11, 63) ].
In an agronomic context, physical and chemical treatments are frequently used to break bud dormancy and to trigger bud burst. This practice is important in horticulture, where seasonal variability and market demands require management intervention to augment bud burst, and particularly, to coordinate the time of bud burst, which, ultimately, affects flowering, fruiting, and harvest time. The allelochemical hydrogen cyanamide is widely used in the perennial fruit industry to break bud dormancy, despite the risks of phytotoxicity. The transcriptional changes in buds triggered by these treatments provide further insights into the requirement for stress-induced changes in metabolism and cellular redox state in regulating the transition to bud burst. Comparisons of transcript profiles generated in response to chilling, exposure to hydrogen cyanamide, heat shock, sodium azide, and H 2 O 2 exhibit a similar induction of a suite of redox-related genes, including ADH, PDC, and SUSY, as well as glutathione-s-transferase, catalase, superoxide dismutase, ascorbate peroxidase, and glutathione reductase (126, 135, 187) . Crucially, H 2 O 2 accumulated in buds after treatment with hydrogen cyanamide, or after exposure to hypoxia (5.2-8 kPa pO 2 ), or inhibition of the cytochrome pathway of mitochondrial respiration (126, 185) . It is interesting to note in this regard that the altered expression of oxidative stressinduced mitochondrial proteins such as the A. thaliana LEA5 (also called SAG21) has a profound effect on plant growth and stress tolerance (Fig. 9) (119, 121) . Another mitochondrial member of this typically unstructured family of late embryogenesis abundant proteins has also been implicated in maintaining integrity and function of the inner mitochondrial membrane (IMM) in pea seed (172) .
The regulation of respiration under hypoxia and the release from hypoxia as a result of bud burst is central to the oxidative regulation of the transition of cells from the quiescent to the metabolically active state. This transition involves changes in the expression of genes encoding proteins involved in the cytochrome pathway of respiration (Fig. 7) and the tricarboxylic acid cycle (TCA) transcripts. Crucially, transcripts encoding the mitochondrial alternative oxidase (AOX) and alternative nicotimamide adenine dinucleotide (reduced state) (NADH) dehydrogenases, as well as glycolysis and fermentation were enhanced under these conditions (126, 185) . We consider that the transcript and metabolic signatures observed in bud burst resemble those observed in the release of seed dormancy, in which oxidative signaling plays a key role, along with hormonal signaling which was mediated through changes in the balance between ABA and GA signaling pathways (9, 154) .
Exposure to chilling stress induced the expression of a number of GA-related transcripts in buds as well as 1,3-bglucanases in poplar, during the transition to bud burst (144) . The expression of glucanases is also regulated by photoperiod controls and by the addition of exogenous GA (GA 3 and GA 4 ). Only bioactive GAs such as GA 4 were effective in inducing bud burst (144) . The chilling-induced expression of GA biosynthesis and/or signaling pathways is considered central to bud burst, along with the enhanced expression of glucanases, which may serve to augment intercellular signaling, for example, through the floral regulatory pathway, including FT, which has been identified as important in the regulation of seasonality in perennials (23, 144) . The central role of GA in bud burst has been corroborated by studies using reverse genetic approaches in almond (12) and rose (36) .
Epigenetic Regulation of Bud Dormancy and Flowering
Epigenetic mechanisms are important in the control of bud dormancy and release and in stress tolerance (35) . The controlled acceleration of flowering time after exposure to prolonged cold, a process called vernalization, is a paradigm for epigenetic control. The vernalization process triggers environmental stress (low temperature)-mediated epigenetic silencing of gene expression that underpins the timing of the transition to reproductive development. The characterization of the A. thaliana vernalization (vrn) mutants has greatly increased our current understanding not only of the requirements for vernalization, but also of the molecular mechanisms and pathways that contribute to the vernalization process (30) . The vrn mutants are defective in components that are involved in the control of the cold-induced repression of flowering locus C (FLC). Vernalization is the acquisition of competence to flower after exposure to prolonged low temperatures. This process quantitatively silences FLC, which is a floral repressor that antagonizes the activation of all the genes required to switch the meristem to a floral fate. Silencing of FLC relieves flowering repression. Studies on the processes that facilitate FLC regulation have greatly enhanced our knowledge of how noncoding RNAs, particularly antisense transcripts, mediate chromatin regulation as well as provide insights into evolutionary mechanisms (156) . FLC regulation is an important determinant of plant adaptation to stress. FLC encodes an MADS box transcription factor that represses the expression of the floral integrator genes FT and suppresses the overexpression of constans 1 (SOC1). FLC expression is reduced in response to vernalization, and this establishes a molecular memory of winter that leads to early flowering. The vernalization-induced repression of FLC is stable through subsequent mitotic cell divisions until it is reset in the next sexual generation, properties that are indicative of epigenetic regulation. The most upstream requirement for the repression of FLC is the cold-induced expression of vernalization-insensitive 3 (VIN3) (166) . VIN3 encodes a PHD finger protein that initiates FLC chromatin remodeling (deacetylation of H3 and methylation of H3 at Lys9 and Lys27) via association with a polycomb repressive complex 2-like protein complex (PRC2-like) (43) . It is important to note that VIN3 expression during hypoxia in A. thaliana is essential for the survival of low oxygen stress (24, 25) . The VIN3 protein appears to function in chromatin remodeling during hypoxia, as it does in vernalization. Chromatin modifications at defined loci may, therefore, help the survival of A. thaliana exposed to prolonged hypoxia (24) .
The acquisition of endodormancy shares a number of features in common with the flowering regulatory pathways and requires MIK c MADS box transcription factors, including DAM (78). The role and regulation of DAM during dormancy onset in perennials resembles that of FLC during flowering. Expression of DAM responds quantitatively to chilling, declining before bud burst. DAM are orthologs of the SVP genes, which repress FT in A. thaliana, retarding the onset of flowering independently of FLC (105). These genes are involved in the regulation of flowering in a temperature-dependent manner and whose function may span flowering and dormancy (78) . Notably, chilling-exposed DAM1 of leafy spurge shows analogous chromatin modifications to those observed in vernalized A. thaliana; a similar regulation of DAM6 in peach was reported (107) . Heterologous expression of DAM6 in A. thaliana leads to a delay in flowering. Within this context, the action of DAM6 resembles that of the SVP genes (81, 194) . These observations, taken together with the putative function of VIN3 during hypoxia, suggest that common pathways and signaling systems operate during the chilling and vernalization responses and under hypoxia. While the transcriptome profiles suggest that the dormant bud resides in a hypoxic state, more physiological and biochemical evidence is required to fully understand the metabolic state of the cells in the dormant bud. It would be attractive to suggest that an oxidation event, associated with a hypoxic state, is required to re-initiate the cell cycle before bud burst, but literature evidence in support of this concept is lacking. Nevertheless, it is important to consider the possible roles of hypoxia and the release of cells from the quiescent state by the transition to an oxygen-rich cellular environment.
The Importance of Hypoxia
Hypoxia is a condition in which cellular availability of oxygen is insufficient for oxidative phosphorylation. Glycolytic activity is increased to supply ATP, and fermentation is induced to enable recycling of pyridine nucleotides in a response known as the Pasteur effect. Carbohydrates become mobilized and facilitate the increased glycolytic demand, and the expression of SUSY, ADH, and PDC is triggered by oxygen-limited metabolism. It might be considered that a reduction in oxygen availability (pO 2 ) would be accompanied by a reduction in ROS production by the respiratory electron transport chain (Fig. 7) , resulting in a decreased requirement for antioxidants. However, observations of increased or persistent ROS production under oxygen-limiting conditions span kingdoms of aerobic life forms (22, 122) . A number of conserved transcriptional and metabolic responses are seen across life forms, notably the re-programming of primary metabolism and response to enhanced oxidation (122) . Such datasets demonstrate that ROS play a key signaling role in regulating cellular responses to changes in oxygen availability. The metabolic and hormonal regulation of ROS production and antioxidant defenses are central to ROS/redox signaling and the maintenance of the quiescent state.
Plant tissue oxygen
The cells of higher plants have evolved to experience and accommodate a far greater range and frequency of variation in pO 2 than animals; while most mammalian cells are less than two cells away from hemoglobin-rich blood (190 and references therein), plants are sessile, and lack an active oxygen transport system. Despite this, higher plants have evolved complex and highly dense tissues and organs, with spatiotemporally variable metabolic rates and, therefore, requirements for oxidative phosphorylation. Organs such as seeds, storage organs, fruit, and dense stems are developmentally disposed to internal oxygen gradients and prone to hypoxic (21 > 0 kPa pO 2 ) or potentially anoxic (c. 0 kPa pO 2 ) conditions (see Table 1 ).
Much of the research to date on the acclimation of plants to low pO 2 has been done in the context of flood-prone species and crops (11, 39, 51) , where partial or complete submergence limits available oxygen. A considerable overlap was found between the effects of low pO 2 and submergence on the transcript response (106), providing credence to this strategy. See also review in Webster (190) . Where a range is presented, that represents a gradient through the tissue transect from external toward internal. Units were normalized from the cited sources, assuming standard ambient temperature and pressure (25°C, 101.3 kPa, and 0 lS$cm -1 conductivity), atmospheric pO 2 = 20.8 kPa, and water-saturated [O 2 ] = 258 lM unless otherwise stated by authors; some data were round approximations from cited data. pO 2 , partial pressure of oxygen.
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A recent study of 86 A. thaliana ecotypes from a broad geographic range showed wide variations in tolerance to complete submergence in water (184) . A. thaliana is not known to be submergence tolerant, but the abundance of genetic and molecular tools makes it a useful model. Most strikingly, the authors found no correlation between root or shoot tissue oxygen status (pO 2 ) and tolerance to submergence. Further insights to oxygen signaling are discussed in the subsequent sections. Irrespective of submergence, roots are continually exposed to sub-normoxic conditions and a high variance in pO 2 ; the rate of diffusion of O 2 in water is 10,000-fold slower than in air, and roots are (typically) nonphotosynthetic, relying on vascular connections to aerial organs for O 2 supply if soil O 2 is limiting. Further diffusion barriers due to tissue density and composition in roots may create wide spatial variations within the organ, including cores of extreme hypoxia or anoxia, particularly near the apex, where oxygen requirement is high (refer examples in Table 1 ). The seed embryo is another well-studied illustration of the range of internal pO 2 within which vital plant tissues survive (26, 147) ; in fact, in an evolutionary sense, no plant organ is more vital. The role of hypoxia in organogenesis has received much attention in mammals; not only suggesting a central role of a regulated hypoxic state in the functional cardiovascular development of the embryo, particularly in the first trimester, but also highlighting the influence of nonoptimal pO 2 , caused by chemical, physical, or environmental stress, in the development of abnormalities (191 and references therein). Physical diffusion barriers impose a wide range of pO 2 values within seeds. The pO 2 values decline sharply below the seed coat due to a thick cuticular wax, densely packed epidermal cells, and low stomatal frequency (26, 147) . Gradients are not linear, due to the variable cell density and size of gaseous spaces. This is clearly illustrated through the transect of seeds, where transitions in pO 2 to near anoxic levels in the seed space are largely influenced by diffusion barriers, but levels in the embryo are elevated [ Table 1 (26, 147) ]. The influences of development, environment, and stress are also illustrated in Table 1 , in seeds, roots, and stems, by a comparison to some well-known examples from human tissues. The embryo of most dicotyledonous species is photosynthetic, which can greatly augment oxygen status (26) . Notwithstanding, the external oxygen status has a marked influence on plant tissue oxygen and seed viability [Table 1 (103) ].
Respiration under hypoxic conditions
An important preface to this discussion is the acknowledgement of ongoing debate regarding oxygen sensing in plants. This is highlighted in recent discussions with regard to the critical oxygen pressure for respiratory control (7, 8, 124) . Plant oxidative phosphorylation displays remarkable plasticity through a number of alternative pathways to cycle carbohydrates and to regenerate reduced pyridine nucleotides (Fig. 7) [for a recent review, see Igamberdiev A comparison of transcriptome data under hypoxia across kingdoms shows a conserved response of reprogrammed primary metabolism, through transcriptional regulation of starch and sugar metabolism, sugar transport, and mitochondrial TCA cycle and electron transfer systems (122) . In addition, genes encoding heat shock proteins and enzymes involved in secondary antioxidant metabolism were responsive. The signature was one of declined biosynthesis, increased sugar mobilization, glycolysis, fermentation, and pentose phosphate pathway metabolism, and a parallel decline in TCA metabolism and phosphorylative (coupled) components in the electron transfer system of mitochondria, in addition to the biogenesis of other organelles and cell walls (122) . General comparisons of available microarray data reveal a convergence in transcriptional response to hypoxia and ROS-producing conditions (139) .
Mitochondria are also active protagonists of ROS; they are a major sub-cellular source of ROS in nonphotosynthetic tissues, such as the root and dormant bud (167) . Sources of ROS are concentrated around the UQ in the IMM, principally Complex I and Complex II, where the superoxide anion (O 2 $ -) is formed. The conversion of superoxide to H 2 O 2 is rapid, particularly under highly reducing conditions. While superoxide is predominantly produced in the matrix space, electrons from Complex III may partially reduce oxygen in the intermembrane space, which is more proximal to the cytosol, potentially augmenting intracellular signaling, including mitochondria to nucleus retrograde signaling.
Mammalian oxygen signaling
Hypoxic acclimation integrates mitochondrial and glycolytic metabolism and gene regulation. The regulation of the mammalian cell cycle and cell differentiation by oxygen availability is well established and remains the focus of clinical studies in chronic disease (28, 71, 95, 148, 157) . Progression through the cell cycle is inhibited under hypoxic conditions in many cell types, leading to arrest of the cell cycle at G1. Changes in gene expression in response to low pO 2 are centrally mediated by the hypoxia-inducible factor 1 (HIF1) transcription factor [for a recent review, see Kaelin and Ratcliffe (95) ]. Briefly, HIF1 is a heterodimer comprising a and b subunits. Under normoxic conditions, the HIF1a-subunit is post-translationally hydroxylated by an oxygen-dependent prolyl hydroxylase, and is, thus, targeted for degradation in the proteasome after recognition and hydrolysis by a Von Hippel-Lindau tumor suppressor protein. Hypoxia both promotes transcription of the HIF1a subunits and limits the post-translational hydroxylation and subsequent degradation, leading to the accumulation of the HIF1 heterodimer. The HIF1 heterodimer binds to DNA at specific locations containing the hypoxia response element RCGTG, inducing gene expression that enables an appropriate metabolic response. While oxygen sensors also appear to operate in bacteria and fungi, the dissection of oxygen signaling in plants has proved more elusive (10, 69, 108, 109, 139) .
Higher plant oxygen signaling
No HIF1 ortholog has been identified in plant genomes to date, and while several prolyl hydroxylases have been identified, there is no clear evidence for their role in plant oxygen sensing. Reports to date suggest that several interdependent mechanisms, or networks, may operate in response to changes in pO 2 in plants. In the previous decade, the dissection of some key players in the early sensing and signaling of plant tissue oxygen has emerged. Two major models have been proposed: These are (i) signaling via the Roh-like GTPases, ROH of plant GTPase (ROP) (15, 63, 139) and (ii) the N-end rule pathway of targeted proteolysis (10, 69, 108, 109) . The N-end rule states that the N-terminal residue on a protein determines its half life and, hence, its likelihood of being degraded. The presence of amino-terminal destabilizing residues enables marking of the proteins for destruction by the ubiquitin proteasome system. These N-terminal residues are recognized by E3 ligases and targeted for proteolysis via the 26S proteasome. Several recent reviews have detailed the N-end rule pathway (10, 108) , and here, we only elaborate on the ROP.
Oxygen signaling by ROP
Many plant species have an ability to acclimate to hypoxic conditions through tolerance or avoidance mechanisms. The formation of vacuous aerenchyma in roots and stems can enhance tissue porosity two-to four-fold, and limiting radial oxygen loss further serves to maximize the potential availability and conservation of aerial oxygen to hypoxic roots (38) . Ethylene and ROS play a key role in this and other acclimatory responses to flooding and hypoxia. GTP-binding proteins (G proteins; heterotrimeric) and small GTPases (monomeric) have emerged as key mediators of ethylene-and ROSinduced acclimation in plants, not least in response to hypoxia. GTPase signaling is upstream of the mammalian HIF1, and is, in turn, regulated by ROS/redox signaling (79, 177) . Several sub-classes of GTPases communicate signals from various phytohormones and extracellular signals in eukaryotes, notably in cell proliferation, actin cytoskeletal organization, and cell polarity (89, 123, 169 , and references therein). Plants lack orthologs of these families (89) , but the characterization of ROP has greatly advanced our understanding of the interdependence of ROS and oxygen signaling (15, 42, 63) .
The signaling activity of G proteins and GTPases is modulated by GTP/GDP binding-the GTP-bound form is active. This, in turn, is regulated by several associated proteins [for a review, see Neves et al. (123) , Temple and Jones (169) , and Yang (200) ]. Guanine exchange factors and GTPase activator proteins (GAP) act in an opposite manner. Guanine exchange factors increase the slow intrinsic rate of guanine nucleotide exchange, promoting the activated state; while GAP enhance the slow intrinsic rate of GTP hydrolysis (200) . Heterotrimeric G proteins are also regulated by transmembrane G proteincoupled receptors (GPCR) and regulators of G protein signaling (169) . The Ga subunit of the heterotrimeric proteins possesses guanine nucleotide binding activity and is related to the small GTPases.
Several lines of evidence have converged to reveal the interrelation of hypoxia and redox signaling with G protein signaling in plants. Overexpression of a constitutively active small GTPase in soybean suspension cells resulted in increased production of H 2 O 2 , which was dependent on a diphenyleneiodonium (DPI)-sensitive NADPH oxidase, similar to mammalian systems (129) . A forward-genetic screen of gene-trap transposon mutant lines of A. thaliana identified a GAP (RopGAP4), by which disruption of RopGAP4 resulted in hyperinduction of ADH under low pO 2 , but reduced tolerance to low pO 2 , and particularly, low tolerance to reoxygenation (15) . The hyperinduction of ADH was reduced by treatment with DPI, implicating H 2 O 2 signaling intermediates between GTPase and ADH induction (15) . The sensitivity of RopGAP4-1 mutants to re-oxygenation resulted from an inability to down-regulate GTPase-mediated induction of H 2 O 2 , through induction of RopGAP, and consequent inactivation of GTPases by GTP hydrolysis (15) . This defined a socalled rheostat mechanism of GTPase signaling resulting in increased NADPH oxidase activity under hypoxia, and consequently, not only increased ADH and anaerobic metabolism, but also induced GAP activity to provide feedback and regulate the GTPase activation state, enabling moderation of the cascade on re-oxygenation. Further studies confirmed the relationship between GTPase and hypoxic acclimation. For example, the induction of aerenchyma formation and cell death in normoxic maize roots, when treated with GTPcS substrate, effectively binds and activates GTPases but does not hydrolyze, resulting in constitutive activity (162, and references therein). Extensive analyses of mammalian GTPases have identified conserved redox-modulated motifs. Hence, GTPase signaling and redox signaling have a reciprocal relationship. Detailed mechanisms of the regulation and chemical interactions between redox signals and mammalian GTPases were recently reviewed (79) .
Conclusions and Perspectives
The earlier discussion highlights the key concept that redox signaling is an important regulator of growth in plants. Oxidative and reductive signaling arising from metabolism and phytohormone action participate in the control of dormancy and the liberation of meristematic cells from a quiescent state. We have discussed the interactions of phytohormone and redox pathways in the control of root architecture and bud dormancy/bud burst, key factors that enable plants to respond appropriately to environmental cues and stress. Given emerging evidence that the oxidative signal could be partly transmitted by modulation of glutathione status, our hypothesis that liberation from the quiescent hypoxic state requires oxidative activation linked to respiratory metabolism is important both for sensitization and for regulation of signaling through glutathione-dependent systems. Redox changes in the glutathione pool and its interacting glutaredoxins and thioredoxins are sufficient to have an impact on growth through phytohormone pathways. While the concept that perturbations 14 CONSIDINE AND FOYER in cellular redox homeostasis exert a major influence on cell cycle progression, expansion growth, and the transition from cell proliferation to cell differentiation is widely accepted (16, 44, 112, 137, 138, 143, 186) , many uncertainties remain with regard to the interacting pathways that underpin each process. Moreover, many of the mechanisms and components involved in the redox control of growth remain to be identified. Causal links between changes in cellular redox state and shoot and root meristem activities have been established, but the underlying mechanisms are far from clear. A. thaliana mutants that are impaired in both thioredoxin and glutathione demonstrate that the ability to maintain the floral meristem also depends on thiol reduction systems (14) .
Innovation
Each of the 300,000 plant species living in the world these days continuously monitors the environment, using environmental cues to fine-tune growth and development. Environmental inputs and stresses activate common and overlapping cell signaling pathways, leading to co-ordination of acclimation, immunity, and growth responses. This is possible, because perturbations in cellular redox homeostasis and signaling enable the synergistic co-activation of environmental response pathways that cross biotic-abiotic stress boundaries to influence the hormone-dependent regulation of growth. While much remains to be discovered with regard to the specific roles of individual redox mediators, in regulating genetic and epigenetic factors that modulate plant growth and development, recent evidence demonstrates extensive crosstalk between cellular redox homeostasis and plant growth regulators such as auxin, SLs, GA, and ABA, with multiple steps of reciprocal control.
